We demonstrate an integrated all-fiber mid-infrared (mid-IR) supercontinuum (SC) source generated by a 1.95 μm master oscillator power amplifier system and a single-mode ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) fiber. The maximum average output power is 10.67 W with spectral bandwidth covering from ∼1.9 to 4.1 μm. The single-mode ZBLAN fiber and silica fiber are thermal-spliced to enhance the robustness and practicability of the system. It is, to the best of our knowledge, the first high-power integrated compacted all-fiber mid-IR SC source based on thermal-spliced silica fiber and ZBLAN fiber. ©
INTRODUCTION
The research on mid-infrared (mid-IR) supercontinuum (SC) sources has drawn worldwide attention because of their great application potential in many areas such as spectroscopy [1] , frequency metrology [2] , remote sensing [3] , and atom physics [4] . In the past decades, SC generation in silica glass fibers [5] [6] [7] [8] [9] [10] [11] [12] [13] , especially in silica photonic crystal fibers (PCFs) [9] [10] [11] [12] [13] , has been extensively studied due to the controllable dispersion property and low propagation loss in visible and near-IR regions. Soft glass optical fibers with high nonlinearity and low propagation loss in the mid-IR region, such as chalcogenide [14] [15] [16] [17] , tellurite [18] [19] [20] , and fluoride [21] [22] [23] [24] [25] [26] [27] [28] [29] glasses, are needed for generating mid-IR SC. Typical fluoride fibers such as ZBLAN (ZrF 4 -BaF 2 -LaF 3 -AlF 3 -NaF) fibers, are regarded as competitive candidates for generating high-power mid-IR SC because of the low background loss, relatively high mechanical strength, and commercial availability [29, 30] . In 2009, ZBLAN fiber pumped in the 1.55 μm region was demonstrated by Xia et al. with an average output power of 10.5 W and a spectrum extending from ∼0.8 to 4 μm [23] . ZBLAN fiber pumped by 2 μm pulsed fiber laser was demonstrated to be an attractive option for mid-IR SC generation with the rapid development of the thulium-doped fiber laser (TDFL) [24] [25] [26] [27] [28] . A highly efficient SC source pumped by 2 μm TDFL, over 61% of power distribution toward the wavelength longer 3 μm, was demonstrated by Swiderski and Michalska [24] . In 2014, Yang et al. demonstrated a high-power SC generation, with 13 W average output power and spectrum extending from ∼1.9 to 4.3 μm [25] . Liu et al. scaled the average output power up to 24.3 W, while the spectrum spanned just from ∼1.9 to 3.3 μm, which is the highest SC output power generated by a ZBLAN fiber [26] . However, it should be noted that mechanical splicing between silica and ZBLAN fibers were utilized in all the systems mentioned above, which actually were not all fibered. The fibers were not permanently jointed together; they were precisely held together by high-precision optical fiber holders. Although the high-precision optical fiber holder is helpful to achieve the high coupling efficiency (∼91% in low power operation) [25] , it will also raise the cost in the application. And the coupling efficiency obviously will decrease in high-power operation. Because of the low melting temperature of ZBLAN fiber, the tail end of ZBLAN fiber may become bent in high-power operation and cause fiber-core mismatching. This will severely affect the durability and repeatability of the system. Thus, permanent fusion splicing of soft glass fiber and silica fiber is needed for integrated all-fiber robust application. It will promote the practicability and commercial development of the mid-IR SC source. The previous systems were not able to profit fully from the advantages of the fusion splicing between silica fiber and ZBLAN fiber, such as high-power applicability, low Fresnel loss, efficient mode matching, better thermal management, and lack of air interaction [16, 31] . Recently, Yin et al. demonstrated a mid-IR SC source within a piece of fusion spliced ZBLAN fiber; however, the output average power was only 550.8 mW [32] .
In this paper, we demonstrate an all-fiber mid-IR SC source by using a segment of thermal-spliced ZBLAN fiber, with output power up to 10.67 W and spectrum extending from ∼1.9 to 4.1 μm. A high-power 1.95 μm master oscillator power amplifier (MOPA) system and a segment of single-mode ZBLAN fiber are used for the mid-IR SC generation. To the best of our knowledge, this is the first high-power integrated compacted all-fiber mid-IR SC source based on thermalspliced silica fiber and fluoride fiber.
EXPERIMENTAL SETUP AND RESULTS
The seed laser for the MOPA system is a passively modelocked fiber laser, as schematically shown in Fig. 1 . A semiconductor saturable absorber mirror (SESAM) and a fiber Bragg grating (FBG) are used to form a linear cavity. The modulation depth and relaxation time of the SESAM are 20% and ∼10 ps, respectively. The FBG acts as a coupling output with 15% transmission at 1950 nm and 3 dB bandwidth of 0.9 nm. A 1560/1950 nm wavelength division multiplexing (WDM) is used to connect the erbium/ytterbium co-doped fiber amplifier (EYDFA) and FBG. The thulium-doped single mode fiber (TSF) is ∼11 cm long with core/cladding diameters of 5/125 μm, core numerical aperture (NA) of 0.24, and absorption of ∼340 dB∕m at 1560 nm. An isolator (ISO) is used to block the backward-propagation light so as to protect the seed laser. Figure 2 shows the schematic setup of the high-power integrated compacted all-fiber mid-IR SC system. The first-stage single-mode thulium-doped fiber amplifier (TDFA) consists of a 16 W, 793 nm fiber-pigtailed multimode laser diode (LD), a 2 1 × 1 pump combiner, a piece of double-cladding thulium-doped fiber (TDF), a cladding power stripper (CPS), and an ISO. The TDF is ∼4 m long with core/cladding diameters of 10/130 μm, core NA of 0.15, and absorption coefficient of 3 dB/m at 793 nm. The CPS is employed to strip unabsorbed cladding light from the TDF for protecting the ISO. After the ISO, a 5:95 coupler is utilized to measure the pulse duration. Between the first and second stage of TDFA, a forward mode field adapter (MFA) is used to connect the coupler and a high-power 2 1 × 1 pump combiner. The input and output fiber of the forward MFA are single-mode fiber (10/130 μm) and large mode area (LMA) fiber (25/250 μm), respectively. Similar to the structure of the single-mode TDFA, the second amplifier stage (LMA TDFA) consists of a 120 W, 793 nm LD, a high-power 2 1 × 1 combiner, an LMA TDF, a high-power CPS, and a backward MFA. The LMA TDF is ∼2.5 m long, has core/cladding diameters of 25/250 μm, core NA of 0.09, and absorption of 9.5 dB/m at 793 nm. The input and output fiber of the backward MFA are LMA fiber (25/250 μm) and Nufern SM1950 (7/125 μm), respectively. The backward MFA is used to connect the LMA TDF and single-mode ZBLAN fiber. The single-mode ZBLAN fiber is ∼8 m long with core/cladding diameters of 9/125 μm and core NA of 0.2. The zero-dispersion wavelength of the ZBLAN fiber is ∼1.57 μm. The output end of the ZBLAN fiber is cleaved with an angle of 8°to avoid backward-propagation light. A thermal splicing method is utilized to connect the single-mode ZBLAN fiber and the SM1950 fiber with a splicing loss of 0.96 dB.
In our experiment, the time-domain characteristics of the system are measured by a digital oscilloscope (Tektronix, DPO 7104C, 1 GHz), a high-speed InGaAs photodetector (EOT, ET-5000, 12.5 GHz), and an autocorrelator (APE, pulseCheck USB). A high-power thermal power meter is utilized to measure the output power. An optical spectrum analyzer (YOKOGAWA, AQ 6375, 1200-2400 nm) is used to measure the output spectrum from ∼1.9 to 2.4 μm, and a Fourier transform IR spectroscopy (Bruker, Tensor 27) is used to measure the longer wavelength with resolutions of 0.05 and 0.3 nm, respectively.
The spectrum of the passively mode-locked fiber laser is shown in Fig. 3 . The central wavelength and 3 dB bandwidth are 1950 and 0.148 nm, respectively. The pulse train of the passively mode-locked fiber laser is shown in Fig. 4(a) with a pulse repetition rate of 75.4 MHz. Figure 4(b) shows the corresponding RF spectrum with a span of 2 GHz and resolution of 3 kHz. The inset of Fig. 4(b) gives an SNR of ∼65 dB at the fundamental rate of ∼75.4 MHz, which indicates that the seed laser is operating at a stable state. The maximum output power of the seed laser is ∼25 mW. Due to the low output power of the seed laser, the pulse duration could not be measured by the autocorrelator (APE, pulseCheck USB). Therefore, the pulse duration is measured at the 5% output port of the coupler after the first-stage amplifier, and the measured FWHM pulse duration is 12.58 ps, as shown in the inset in Fig. 4(a) . The maximum output power of the first stage is ∼2.4 W without obvious spectral broadening. When the power is further boosted in the LMA TDFA, the laser spectrum obviously broadens at the output port of the backward MFA. This is mainly caused by self-phase modulation, modulation instability (MI), and stimulated Raman scattering (SRS) because of the increasing pulse peak power [22] . Fig. 3 . Spectrum of the mode-locked fiber laser. Figure 5 shows the output spectra from the backward MFA at different output powers, which extend to beyond 2.4 μm when the output power of the backward MFA is increased up to 7.17 W and more. Obviously, spectrum broadening is not observed when further increase the pump power due to the high intrinsic attenuation of the silica fiber at long wavelength.
Permanent splicing is the key technique to realize an integrated all-fiber system. The pigtailed SM1950 fiber of the backward MFA is connected with the single-mode ZBLAN fiber by thermal splicing. Fibers are fixed on a commercial splicer (Vytan GPX-3000) after end faces are flat cleaved. Several times of manual alignments are set to reduce the butt-coupling loss of the two fibers because of the slightly eccentric of the ZBLAN fiber core. Due to the distinct difference of the two fibers' melting temperature, an offset splicing method is needed to ensure more heat is applied to the SM1950 fiber; finally, a splicing loss of 0.96 dB is achieved. The bulged ZBLAN fiber wrapping around the SM1950 fiber confirms that the two different fibers are thermal-spliced together. Effective thermal management is quite necessary because the ZBLAN fiber could be damaged by the thermal effect in high-power operation. Therefore, the splicing joint is covered with high-index UV adhesive and packaged into an aluminum groove after curing, as shown in the inset of the Fig. 2 . Then, the aluminum groove is fixed on a water-cooled heat sink for better thermal management. The rest of the ZBLAN fiber is placed on another heat sink, with which the temperature is set a little higher than the previous one because of its low resistance to moisture. The output end of the ZBLAN fiber is cleaved with an angle of ∼8°to avoid Fresnel reflection. The power capacity of the splicing joint is tested using the same method as illustrated in [31] . With increasing of the input power, the output power also increases linearly. This shows that the splicing loss of the two fibers keeps stable. This work also indicates important application potential for integrated high-power all-fiber mid-IR SC generation. Figure 6 shows the output spectra from the ZBLAN fiber at different output powers. The MI generated in the LMA TDFA can break the long pulses into short pulses and create solitons. The solitons further propagate along the ZBLAN fiber and lead to a soliton self-frequency shift with the spectrum further broadening at the output port of the ZBLAN fiber [30] . The 20 dB bandwidth of the spectrum is ∼1.9 to 4.1 μm at the maximum average output power of 10.67 W. The typical dip at ∼2.8 μm can be seen on the output spectra, which is caused by the intrinsic H2O absorption of the ZBLAN fiber. Two other dips, at around 3.2 and 3.6 μm, respectively, would be caused by some inconclusive reasons during the measure process. In [25] , Yang also has observed a similar phenomenon. Figure 7 shows the different output powers from the LMA TDFA, backward MFA, ZBLAN fiber, and the temperature of the splicing joint. The maximum output power of LMA TDFA, backward MFA, and ZBLAN fiber are 42.7, 16.3, and 10.67 W, respectively. The slope efficiency of the LMA TDFA is ∼37%, which can be further improved by optimizing the length of the gain fiber of the system. And the transmission efficiency of the backward MFA decreases obviously because of the wavelength-dependent insert loss of the backward MFA, high intrinsic attenuation of the silica fiber beyond ∼2.7 μm, and spectral broadening. It decreases from ∼71% to ∼38% when the output power of the LMA TDFA increases from 2.63 to 42.7 W. The conversion efficiency of mid-IR SC generation is ∼65.5% with respect to the backward MFA output power at the maximum pump power. When increasing the pump power up to 115 W, the temperature of the splicing joint rises steadily to 26.5°C; this also indicates that sufficient thermal management is necessary for high-power operation. The slope efficiency of SC output power from ZBLAN fiber also decreases, which is mainly caused by the spectrum broadening. It is worth noting that the mechanical coupling efficiency is sensitive during the core aligning process and always decreases in high-power operation. Compared with mechanical splicing, permanent thermal splicing of these two fibers not only enhances the robustness and practicability of the system but also improves the reproducibility and thermal management capability. In future work, we will concentrate on the stability of the system such as optimizing the TDFA, reducing the splicing loss, and employing the fluoride end-cap.
CONCLUSION
In conclusion, an integrated high-power all-fiber mid-IR SC system is demonstrated. The achieved maximum mid-IR SC power is 10.67 W with a wavelength spanning from ∼1.9 to 4.1 μm. The high-power integrated compacted all-fiber mid-IR SC system would be suitable for practical applications. This mid-IR SC source, to the best of our knowledge, is the first high-power real-all-fiber-format system that benefits from our in-house-developed thermal splicing technology for splicing typical silica and ZBLAN fibers. 
